Experimental observation of speckle instability in nonlinear disordered media. 
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Temporal fluctuations of the speckle pattern formed upon backscattering of a laser beam from 
an interface between gold and nonlinear polymer film have been observed as a function of optical 
power. The instability can be explained by coupling of laser light to surface plasmons and other 
guided modes, which experience multiple scattering while propagating in the film along the interface. 
The speckle pattern produced in this process is extremely sensitive to fluctuations of the scattering 
potential near the interface. 



Propagation of coherent waves in nonlinear disordered 
media is the topic of considerable current interest. Many 
experimental situations, such as light propagation in 
weakly disordered Kerr media 1 , the theory of hydrody- 
namic turbulence^, the theory of turbulent plasma 3 , the 
mesoscopic theory of interacting electrons in disordered 
metals 4 , etc. can be described by a nonlinear Schrodinger 
equation in which a field <j)(r) propagation in an elasti- 
cally scattering medium is affected by both the medium 
potential iz(r), and by the nonlinear self-interaction po- 
tential (3n(r) = f3\(j)(r)\ 2 . While in the linear (3 = 
limit the field distribution exhibits speckle (which means 
that n (r) becomes random, sample specific function of 
coordinates), it has been shown very recently 4,5 that in 
the nonlinear case the speckle pattern exhibits instability, 
and hence temporal fluctuations. The striking feature of 
this theoretical result is that the instability occurs even 
for very small nonlinear it ies. This conclusion has impor- 
tant implications for wide variety of physical systems de- 
scribed above. For example, this phenomenon may have 
very important consequences for random lasers^. Unfor- 
tunately, despite very strong theoretical interest, there 
was no experimental observation of speckle instability in 
nonlinear media. 

In this paper we report the first to our knowledge ex- 
perimental observation of this effect. We present the ex- 
perimental study of temporal fluctuations of the speckle 
pattern formed upon backscattering of a laser beam from 
an interface between gold and nonlinear polydiacetylene 
film. The speckle fluctuations were studied as a function 
of optical power. The instability of the speckle pattern 
can be explained by coupling of laser light to surface plas- 
mon polaritons (SPP) 7 and other guided modes, which 
experience multiple scattering over their propagation in 
the film along the interface. The speckle pattern pro- 
duced in this process is extremely sensitive to fluctua- 
tions of the scattering potential near the interface. 

Microscopic images of the poly-3-butoxy-carbonyl- 
methyl-urethane (poly-3BCMU) polydiacetylene film on 
gold film substrate used in this study are shown in 
Fig.l(a,b). This poly-3BCMU film was spin-coated 
onto the gold film surface from the solution in chlo- 
roform. Such 3BCMU polydiacetylene films have one 
of the largest known fast nonresonant optical 



nonlinearities 8 (according to ref. 8 various components of 
the tensor of the poly-3BCMU film have magnitudes 
of the order of 10 -10 esu). The images in Fig.l were 
obtained using cross-polarized detection, so that numer- 
ous orientational domains in the poly-3BCMU film are 
clearly visible. Fourier transformations of these images 
shown in (c,d) indicate the presence of large number of 
various random gratings, which are formed on the gold 
film surface by the periodic arrangements of the orienta- 
tional domains. For example, the periodicity of such a 
grating visible inside the box in Fig. 1(b) was measured to 
be 1.05/im. Formation of orientational gratings in vari- 
ous molecular films on gold surface is a rather usual effect 
(see for example ref. 9 ) Dielectric gratings on gold surface 
are known to cause efficient coupling of external illumi- 
nation to surface plasmon polaritonA They will also 
efficiently couple light to other guided electromagnetic 
modes, which may propagate inside the poly-3BCMU 
film. Fig.l also shows images of a PbZr x Tii- x Os (PZT) 
and a paper sample, which were used in our study as 
control samples. 

Our experimental setup is shown in Fig. 2. The speckle 
pattern has been measured in the backscattering geome- 
try as a function of time and light intensity using a fast 
camera. The incident single-mode Gaussian laser beam 
(0.7 mm beam diameter) from a 21 mW He-Ne laser op- 
erated at 633 nm has been sent onto the sample surface 
at a small angle. According to numerous recent experi- 
mental and theoretical studies (see for example refs. 10,11 ) 
scattering of the incident light by the surface roughness of 
the gold film causes excitation of SPPs, which propagate 
in various directions along the metal surface, backscat- 
ter by the surface defects, and give rice to the enhanced 
backscattering in the direction opposite to the direction 
of incoming illumination. In the case of poly-3BCMU 
film on the gold film surface the coupling of light to SPP 
is also facilitated by various grating-like domain arrange- 
ments visible in Fig.l(a-d). 

The characteristic time dependencies of the signals 
measured in some given pixel within the speckle pat- 
tern in the inset in Fig. 2 are presented in Fig. 3(a) for 
two different intensities of the incident laser beam. The 
speckle signal measured at higher power exhibits con- 
siderable noise compared to the signal measured at two 
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times lower power on the same sample, and compared to 
control measurements performed at the same power lev- 
els on PZT (Fig. 3(e)) and paper (Fig. 3(c)) samples. This 
is also apparent from the Fourier spectra of these sig- 
nals, which are also shown in Fig. 3. Comparison of data 
obtained for gold-poly-3BCMU interface and for the pa- 
per surface allows us to exclude thermal and mechanical 
origins of the observed effect. The measurements per- 
formed on PZT sample allow us to compare the behavior 
of our thin film poly-3BCMU-on-gold sample with the 
properties of speckles produced by a bulk polycrystalline 
nonlinear optical material. Optical properties of PZT 
are close to the properties of such classic photorefractive 
materials as BaTiOs and SrTiOs, which were studied in 
great detail. These materials have rather large x^ and 
^(3) nonlinearities. For example, x^ ~ 3 x 10 -12 esu 
measured at 1064 nm is reported for SrTiO^. How- 
ever, only in the ~ 0.1 Hz frequency range there is a 
noticeable difference in the noise spectrum obtained on 
speckles produced by the PZT sample at lower and higher 
optical powers. These slow speckle variations are consis- 
tent with the slow phase conjugation and holographic 
recording times observed in photorefractive materials at 
a comparable optical power (see for example ref™). 

In addition to temporal variations, the speckle pattern 
observed on the poly-3BCMU sample exhibited consid- 
erable spatial variations as a function of incident laser 
power. This is very apparent from the spatial self- 
correlation functions of the speckle patterns obtained at 
different optical powers, which are shown in Fig. 4. The 
self-correlation functions obtained at lower power in (a) 
and (b) typically exhibited a three-lobe structure, which 
was probably caused by the domain gratings in the poly- 
3BCMU film (see Figs.l(a-d)). This explanation was 
confirmed in the experiment in which the sample had 
been rotated (which probably also caused a lateral dis- 
placement of the illuminated area on the sample surface). 
The self correlation function shown in Fig. 4(c) was ob- 
tained after Fig. 4(b) when the incident laser power had 
been increased by roughly a factor of two. A more com- 
plicated structure of the self-correlation function mea- 
sured at higher power is consistent with theoretical re- 
sults of refs. 4,5 , which predict that at higher light in- 
tensity the speckle pattern experiences fast jumps back 
and forth between various different solutions of the non- 
linear Shrodinger equation. Thus, our experimental re- 
sults clearly demonstrate considerable temporal and spa- 
tial variations of the speckle pattern in nonlinear optical 
medium, which start to occur at some threshold optical 
power. It is interesting that the difference between noise 
power spectra in Fig. 3(b) plotted in Fig. 5 using the log- 
log coordinates exhibits classical 1/f behavior, which was 
previously observed in the noise spectra of many other 
mesoscopic systems. 

Qualitatively, the behavior of the speckle pattern pro- 
duced by the laser reflection from the gold-poly-3BCMU 
interface exhibits all the features predicted theoretically 
in refs A 5 -. However, in order to achieve quantitative 



agreement with the numerical results of refs A 5 - it is ab- 
solutely essential to assume efficient coupling of the inci- 
dent light to surface plasmon polaritons and other guided 
electromagnetic modes, which may propagate in the poly- 
mer film along the gold-polymer interface. According to 
eq.(12) from ref£ the onset of speckle pattern instability 
occurs at 

An 2 (^) 2 (^ + ^)«l, (1) 

where An = r^i is the characteristic change in the 
refractive index of the nonlinear material due to exter- 
nal illumination, L is the absorption length, / is the mean 
free path between the scattering events, and k is the wave 
vector. Assuming macroscopic L ~ 1 mm, Skipetrov and 
Maynard obtained An ~ 10 -6 — 10 -5 for the speckle in- 
stability threshold (notice though that in the absence of 
losses the speckle pattern is unstable even at infinitely 
small nonlinearities). Even though very small, such re- 
fractive index changes are much larger than An ~ 10 -10 
which may be expected in the bulk nonlinear optical ma- 
terial with x^ ~ 10 -10 esu at the characteristic optical 
intensities ~ 5 W/cm 2 of the unfocused He-Ne laser used 
in our experiments. Thus, we must explain roughly four 
orders of magnitude quantitative discrepancy in the An 
value, which corresponds to the onset of speckle pattern 
instability. On the other hand, efficient coupling of in- 
cident laser light to surface plasmons and other guided 
modes in the polymer film, which is facilitated by the 
domain gratings shown in Fig.l, may help us to over- 
come this inconsistency. It is well-known that under the 
phase-matching conditions established either due to use 
of Kretschmann geometry, or due to grating-assisted cou- 
pling, up to 90 percent of the incident light may be cou- 
pled to SPPs 7 , while coupling to guided modes in the 
polymer film may be no less efficient. Assuming ~ 10 jam 
polymer film thickness and close to 100 percent coupling, 
the electric field in the guided wave should be enhanced 
by a factor of 10 compared to the incident laser beam. 
Coupling of incident light to SPPs would result in the 
electric field enhancement factor of the order of 100 (due 
to the fact that the SPP field is localized within about 
200 nm from the metal-dielectric interface). Such field 
enhancement factors are indeed typically observed in the 
experiments with surface plasmon polaritons 7 . In addi- 
tion, local values of the electric field in the surface elec- 
tromagnetic wave may be further enhanced by surface 
roughness. An electric field enhancement by a factor of 
100 is already sufficient to reach the An ~ 10~ 6 - 10~ 5 
level of nonlinearities, which should induce the speckle 
instability according to refs. 4,5 . 

Additional factor, which may play an important role 
in inducing the speckle instability in the poly-3BCMU- 
on-gold sample is the presence of refractive index fluctua- 
tions near the gold-polymer interface due to the quantum 
highway mirage effect 1 -. The theoretical results in refs A 5 - 
were obtained assuming that an infinitely weak noise is 
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driving the speckle pattern jumps between different solu- 
tions of the nonlinear Shrodinger equation (the number 
of such solutions may be infinite, as shown in 4 ). Accord- 
ing to refiA the fluctuations of the refractive index near 
the metal-dielectric interface are very strong. This factor 
may contribute to our observations of the speckle pattern 
fluctuations at much lower nonlinearities than the ones 
predicted in refs. 4,5 . 

In conclusion, we have observed temporal fluctuations 
of the speckle pattern formed upon backscattering of a 



laser beam from an interface between gold and nonlinear 
polymer film. This instability can be explained by cou- 
pling of laser light to surface plasmons and other guided 
modes, which experience multiple scattering while propa- 
gating in the film along the interface. The speckle pattern 
produced in this process is extremely sensitive to fluctua- 
tions of the scattering potential near the interface, which 
may be induced by the quantum highway mirage effect. 
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FIG. 1: (a) 350 x 470/xra 2 and (b) 70 x 94/xra 2 microscopic 
images of the poly-3-butoxy-carbonyl-methyl-urethane (poly- 
3BCMU) polydiacetylene film on gold film substrate (ob- 
tained using cross-polarized detection) visualize large number 
of orient at ional domains in the film. Fourier transformations 
of these images shown in (c) and (d), respectively, demon- 
strate various periodicities in the domain arrangement. The 
domain periodicity within the box indicated in (b) and shown 
by the arrow in (d) is 1.05/xra. (e) and (f) show the 70x94/xra 2 
images of a PbZr x Ti\- x Oz (PZT) and paper samples also 
used in this study. 



FIG. 2: Schematic view of our experimental setup. The spa- 
tial distribution of speckle (see the inset) in the backscattering 
geometry has been measured as a function of time using a fast 
camera. 
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FIG. 3: (a) Time dependencies of the signals in a given 
pixel within the speckle pattern in the inset in Fig. 2 measured 
for two different intensities of the incident laser beam. The 
power attenuation factor is shown near each curve, (b) Fourier 
spectra of the time dependencies in (a). Two other sets of 
plots represent data of control measurements performed under 
similar conditions on speckles produced by paper (c,d) and 
PZT (e,f) samples. 



FIG. 4: Spatial self-correlation functions of the speckle pat- 
terns obtained from the gold-poly-3BCMU interface. The 
power attenuation factor is shown in each image. The self- 
correlation function in (b) was obtained after (a) as a result 
of sample rotation. From (b) to (c) the power of the incident 
laser beam was increased by roughly a factor of two. 



FIG. 5: The difference between noise power spectra in 
Fig. 3(b) plotted using the log- log coordinates exhibits clas- 
sical 1/f behavior. 



m 160 

i to 

Si 



20000 40000 
Time {m&> 








■| 120 




1 100 

J BO- 
1 60 




§ 

1 40 

I 20 




20000 40000 




Time {msj 



TO 

^ o.o4 e 
6 

"a 

iT 4 
2 




03 



2 4 6 

Frequency (Hz;) 

m 



0.04 
0,5 



| 200 
S 160 

S 120 

i" 



CO 



20000 40000 $0000 soooo 
Time (ms> 

m 





10 

e 

e 

if 4 
2 




2 4 € 

Frequency (Hz) 

0} 



04 

0.5 



Frequency (Hz) 
(f) 




0.04979 367&8 2,71 323 



Frequency^ Hz) 



